Supernumerary B chromosomes are optional additions to the basic set of A chromosomes, and occur in all eukaryotic groups. They differ from the basic complement in morphology, pairing behavior, and inheritance and are not required for normal growth and development. The current view is that B chromosomes are parasitic elements comparable to selfish DNA, like transposons. In contrast to transposons, they are autonomously inherited independent of the host genome and have their own mechanisms of mitotic or meiotic drive. Although B chromosomes were first described a century ago, little is known about their origin and molecular makeup. The widely accepted view is that they are derived from fragments of A chromosomes and/or generated in response to interspecific hybridization. Through next-generation sequencing of sorted A and B chromosomes, we show that B chromosomes of rye are rich in genederived sequences, allowing us to trace their origin to fragments of A chromosomes, with the largest parts corresponding to rye chromosomes 3R and 7R. Compared with A chromosomes, B chromosomes were also found to accumulate large amounts of specific repeats and insertions of organellar DNA. The origin of rye B chromosomes occurred an estimated ∼1.1-1.3 Mya, overlapping in time with the onset of the genus Secale (1.7 Mya). We propose a comprehensive model of B chromosome evolution, including its origin by recombination of several A chromosomes followed by capturing of additional A-derived and organellar sequences and amplification of Bspecific repeats.
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centromere | genome evolution | promiscuous DNA | non-Mendelian chromosome transmission S upernumerary B chromosomes are not required for the normal growth and development of organisms and are assumed to represent a specific type of selfish genetic element. B chromosomes do not pair with any of the standard A chromosomes at meiosis, and have irregular modes of inheritance. Because they are dispensable for normal growth, B chromosomes have been considered nonfunctional, with no essential genes. As a result, B chromosomes follow their own species-specific evolutionary pathways. Despite their widespread occurrence in all eukaryotic groups, including insects (1), mammals (2) , and plants (3), and their potential as chromosome-based vectors in biotechnology (4), little is known about the origin and molecular composition of these constituents of the genome.
Several scenarios have been proposed for the origin of B chromosomes. The most widely accepted view is that they are derived from the A chromosome complement. Some evidence also suggests that B chromosomes can be spontaneously generated in response to the new genomic conditions after interspecific hybridization. The involvement of sex chromosomes has also been argued for their origin in some species (reviewed in refs. [5] [6] [7] . Despite the high number of species with B chromosomes, their de novo formation is probably a rare event; the occurrence of similar B chromosome variants within related species suggests that they arose from a single origin.
One of the best-studied plant models for research into B chromosomes is rye (Secale cereale), with a genome comprising seven pairs of A chromosomes (1C ∼7,917 Mbp) and containing between zero and eight B chromosomes, each with 1C ∼580 Mbp. Rye B chromosomes appear to be monophyletic and very stable, being quite similar among rye taxa like S. cereale subsp. segetale, which is very closely related to S. ancestrale (8) . This is rather unusual, given that B chromosomes are expected to have an elevated mutation rate compared with the A genome and thus should quickly diverge. At the DNA level, apart from the terminal region of the B chromosome long arm, overall the A and B chromosomes of rye are highly similar (9, 10) . The molecular processes that gave rise to Bs during evolution remain unclear, and the characterization of sequences residing on them might shed light on their origin and evolution.
Our analysis provides insight into an enigmatic phenomenon of genome evolution in numerous groups of eukaryotes. We report that B chromosomes of rye are unexpectedly rich in gene-derived sequences, allowing us to trace their origin to parts of the A genome. In addition, compared with A chromosomes, B chromosomes accumulate large amounts of specific repeats and insertions of organellar DNA. We propose a model of the stepwise evolution of B chromosomes after segmental genome duplication followed by the capture of additional A-derived and organellar sequences and amplification of B-specific repeats. To identify the origin and evolution of the B chromosome, we performed a comparative sequence analysis of the A and B chromosomes of rye. First, we purified the B chromosome of an isogenic rye line by flow cytometry sorting (Fig. S1 ) and shotgun sequenced it at 0.9-fold sequence coverage using Roche 454 technology. As a reference, we used the sequence information from all A chromosomes (also purified by flow cytometry sorting) and the genomic DNA of plants both with (+B) and without (0B) B chromosomes (Table S1) .
B chromosomes are generally considered nonfunctional, with no essential genes (5-7). Unexpectedly, we found many B sequences with a high homology to the genes of sequenced plant genomes (Fig. S2) . Comparison of sequence reads from the rye B chromosome with the estimated size of 580 Mbp (BLASTX ≥70% identity ≥30 amino acids) revealed a total of 4,189, 3,449, and 3,815 homologous nonredundant genes for Brachypodium distachyon, rice (Oryza sativa), and sorghum (Sorghum bicolor), respectively (Table S2 ). From the comparison of different individual reference datasets, a nonredundant gene count was extracted, comprising at least 4,946 putative B-located genic sequences. In comparison, the short arm of rye A chromosome 1R, with a size of 441 Mbp, is expected to contain ∼2,000 genes (11). However, our analysis does not allow for conclusions regarding the completeness and functionality of the B-located genes.
We made use of the similarity between shared genic sequences of rye A and B chromosomes to determine the mutation frequency and relative age of the B-located sequences. To analyze the differences in SNP frequencies, which should reflect the presence or absence of selective pressure, we compared genic sequences from the As and Bs to rye RNAseq-based contigs (12) by BLASTN and identified SNPs in regions present in all three of the datasets. As expected, the genic sequences of rye A chromosomes revealed a lower SNP frequency (1/72 bp) than their B-located homologs (1/ 47 bp) compared with the rye RNAseq assemblies (Table S3) . This difference is not related to a disparity in the effective population size between the chromosome sets, given that the SNP frequencies of mobile elements were one SNP per 25 bp in the A chromosomes and one SNP per 26 bp in the B chromosomes. Thus, the selection pressure is lower for B-located genes than for A-located genes.
We used sequence alignments of the A and B gene sequences and their homologs in Brachypodium and barley full-length cDNAs in Bayesian phylogenetic analyses to determine the age of origin of the B chromosome The inferred age of 1.1-1.3 million y (My) of rye B chromosomes (Fig. S3 ) might be overestimated owing to the relaxed selective pressure on B-located genes. Nevertheless, it coincides with the estimated age of 1.7 My for the genus Secale and 0.8 My for the S. strictum/S. vavilovii/S. cereale taxon group, based on a dated rDNA phylogeny of Triticeae (Fig.  S4) . These ages indicate that rye B chromosomes originated only within the genus Secale and are in accord with the present-day occurrence of B chromosomes in S. cereale alone.
The identification of B-sequence reads with similarity to conserved coding sequences and the close syntenic relationship among grass genomes allowed us to trace the putative chromosomal origin of rye B sequences. Using a stringent filter criterion of ≥30 amino acids/100 bp similarity, we analyzed the rye B reads against the virtual gene map of barley (13) and the assembled genomes of Brachypodium, rice, and sorghum to depict the positional information on the respective chromosomes. Rye B chromosomes apparently contain several prominent blocks of conserved genes corresponding to barley chromosomal regions 2H, 3H, 4H, and 5H, along with thousands of short genic sequences scattered all over the A chromosomes (Fig. 1A) . In contrast, reads from the short arm of rye A chromosome 1R (1RS) corresponded mainly to the syntenic barley chromosome 1H (Fig. S5) . These results indicate that the randomly scattered pattern observed for rye B sequences is exclusive to B chromosomes and is not shared by A chromosomes. A comparison of the reads with the sequences of Brachypodium and sorghum confirmed the genome-wide scattered distribution of the rye B reads.
B Chromosomes Accumulate Large Amounts of Organellar Sequences.
The rye A and B chromosomes were further compared with respect to the content and frequency of individual classes of repeats. Repeat identification using similarity-based clustering of sequence reads (14) revealed that almost 90% of the rye genome is composed of repetitive DNA, and 70% of the genome is represented by fewer than 60 different repeat families. Although the B chromosomes contained a similar proportion of repeats as the A chromosomes, the two differed significantly in composition owing to an additional massive accumulation of B-specific satellite repeats (Fig. S6 and Table S4 ). The B-specific satellite repeats were characterized by exceptionally long monomers (0.9-4.0 kb), and their partial similarity to other types of repeats suggests chimeric origins. In addition to satellite repeats, an accumulation of sequences corresponding to the Bianka family of Ty1/ copia elements was also observed in the B chromosomes.
Furthermore, B chromosomes accumulated significant amounts of plastid (NUPT)-and of mitochondrion (NUMT)-derived sequences. All parts of the plastid and mitochondrion genomes were transferred to the B chromosomes, indicating that all sequences are transferable. The higher number of organelle-derived DNA inserts in B chromosomes than in A chromosomes (Fig.  S7 ) and the increased mutation frequency of B-located organellar DNA suggest a reduced selection against organellar DNA in supernumerary chromosomes. We also observed that along with large amounts of mitochondrion-derived DNA, B-enriched high-copy repeats are integrated in the centromeric region (Fig. 2) . Therefore, the centromere might facilitate the evolution of the B chromosomes by accumulation and shuffling of sequences. Whether the distinct centromere composition of the B chromosomes plays a role in the B-specific drive mechanism, resulting in non-Mendelian chromosomal segregation behavior, remains to be tested.
Discussion
We have described a unique comprehensive model of B chromosome evolution based on comparative sequence analysis of the A and B chromosomes of rye. Considering the similar age of the genus Secale and the age of its B chromosomes, it is tempting to speculate that B chromosomes originated as a by-product of chromosome rearrangement events. This hypothesis is supported by the notion that the rye genome underwent a series of rearrangements after its split from the wheat and barley lineages and as such is an exception to otherwise pronounced genome colinearity in Triticeae (15) . Thus, chromosomes 3R of rye and 3H of barley are mainly conserved and syntenic to each other, whereas rye 7R shares conserved synteny with barley chromosomal regions 2H, 4H, and 5H (Fig. S8) . Based on the comparison of the rye Bspecific sequence reads to the linear genome model of barley (13), we conclude that the rye B chromosomes originated primarily from the rye chromosomal regions 3RS and 7R after multiple chromosomal rearrangements (Fig. 1B) . A multichromosomal origin of B-chromosome sequences is further supported by the many short sequences that are similar to other regions of the A chromosomes. A comparable amalgamation of diverse A-derived sequences has been previously postulated for the B chromosomes of maize (16) and Brachyscome dichromosomatica (17) . The intron-containing gene reads found among the B-sequence reads, corresponding to regions outside of the 3RS and 7R regions, might represent insertions into the B chromosomes that occurred during double-strand break repair (18) or results from hitchhiking genomic fragments with transposable elements, as demonstrated for noncollinear genes of Triticeae (19) .
The most unexpected result of our analysis is the discovery that B chromosomes are rich in gene fragments that represent copies of A chromosome genes. Although our analysis does not allow us to draw any conclusions regarding the completeness and functionality of the B-located genes, preliminary analyses indicate that B-located sequences are transcribed only weakly (20) . Considering the coexistence of sequence-identical A-and B-derived transcripts, it is likely that "dosage compensation" occurs in rye, with an equal expression regardless of the copy number of the respective gene. An efficient dosage compensation mechanism might explain the weak phenotype caused by B chromosomes.
What mechanism could account for the accumulation of organellar DNA in B chromosomes of rye? Transfer of organellar DNA to the nucleus is very frequent (21) , but most of the "promiscuous" DNA is also rapidly lost again via a counterbalancing removal process (22) . If this expulsion mechanism is impaired in B chromosomes, then the high turnover rates that prevent such sequences on the A chromosomes from accumulating and degrading would be absent and allow for sequence decay. Thus, the dynamic equilibrium between frequent integration and rapid elimination of organellar DNA could be imbalanced for B chromosomes. We also observed that the large amounts of mitochondrion-derived DNA integrated preferentially in the B pericentromeric region. Pericentromeric regions generally contain few functional genes, and this low gene density may facilitate the repeated integration of the organellederived DNA (23) . Alternatively, consistent with the rapid evolution of centromeres (24) after sequence integration, subsequent amplification of these sequences might have occurred within this region. Future analyses of other B-bearing species are needed to address the question whether organelle-to-nucleus DNA transfer is an important mechanism that drives the evolution of B chromosomes.
Based on our findings, we propose a multistep model for the origin of a selfish chromosome (Fig. 3) . Initially, a proto-B chromosome was formed by segmental or whole-genome duplication, subsequent chromosome translocations, unbalanced segregation of a small translocation chromosome, and subsequent sequence insertions. The recombination with donor A chromosomes became restricted, likely owing to multiple rearrangements involving different A chromosomes, which no longer allowed extended pairing with the originally homologous A regions. This restriction of recombination can be considered the starting point for the independent evolution of B chromosomes. The presence of fastevolving repetitive sequences, along with reduced selective pressure on gene integrity, could predispose a nascent B chromosome to undergo further rapid structural modifications required to establish a drive mechanism. Because an increased gene dosage may affect gene expression, the expression of paralogues on B chromosomes might have been reprogrammed (potentially through epigenetic mechanisms) early during the evolution of the B chromosomes. Thus, proto-B genes might have first been suppressed by silencing mechanisms and then degenerated owing to mutations and the insertion of sequences derived from other Achromosomal regions and organellar genomes, except for those coding and/or noncoding sequences providing drive and an advantage for the maintenance of B chromosomes. Our model predicts that B chromosomes occur primarily in taxa with elevated levels of chromosomal rearrangements and phylogenetic groups with unstable chromosome numbers.
Materials and Methods
Purification of Mitotic Chromosomes and 454 Sequencing. A and B chromosomes of rye (S. cereale) inbred line 7415 (25) were isolated by flow cytometry sorting and shotgun sequenced by Roche 454 (11, 13) .
Analysis of Repetitive DNA and Organellar DNA Insertions. The content of the repetitive DNA per sequence read was identified by Vmatch (http://www. vmatch.de) against the MIPS-REdat Poaceae v8.6.1 repeat library. The clustering analysis of sequence reads was performed as described previously (14) . The A and B sequence reads were compared (BLASTN) against the plastid and mitochondrial genomes of wheat (AB042240 and AP008982).
Identification of Gene Reads and Comparative Genomics. Gene numbers were estimated by BLAST comparisons with the repeat-filtered reads against the proteins/coding sequences of B. distachyon, rice (O. sativa), and sorghum (S. bicolor) and against EST collections. Rye 1RS (EMBL-EBI European Bioinformatics Institute, http://www.ebi.ac.uk, NCBI accession no. SRX019678) and B chromosome datasets were compared with reference genomes (BLASTX) as described previously (13) .
Detection of SNPs and Dating of Rye B Chromosome Origin. Genic 454 shotgun reads from A and B chromosomes were mapped against matching sequences from the rye transcriptome dataset using BWA (26) . An SNP-based comparison of A and B chromosomes was performed to date the age of the rye B. The regions that contained high-quality SNPs in A and B were mapped onto the corresponding barley full-length cDNAs (26, 27) and Brachypodium reference genome version 1.2 using BLASTN. The datasets were phylogenetically analyzed with Bayesian inference in MrBayes 3.1.2 (28) and dated in BEAST 1.6.1 (29) . More detailed descriptions of methods are provided in SI Materials and Methods. 
